In diploid organisms, phenotypic traits are often biased by effects known as Mendelian dominant-recessive interactions between inherited alleles. Phenotypic expression of SP11 alleles, which encodes the male determinants of self-incompatibility in Brassica rapa, is governed by a complex dominance hierarchy [1] [2] [3] . Here, we show that a single polymorphic 24 nucleotide small RNA, named SP11 methylation inducer 2 (Smi2), controls the linear dominance hierarchy of the four SP11 alleles (S 44 > S 60 > S 40 > S 29 ). In all dominant-recessive interactions, small RNA variants derived from the linked region of dominant SP11 alleles exhibited high sequence similarity to the promoter regions of recessive SP11 alleles and acted in trans to epigenetically silence their expression. Together with our previous study 4 , we propose a new model: sequence similarity between polymorphic small RNAs and their target regulates mono-allelic gene expression, which explains the entire five-phased linear dominance hierarchy of the SP11 phenotypic expression in Brassica.
In diploid organisms, phenotypic traits are often biased by effects known as Mendelian dominant-recessive interactions between inherited alleles. Phenotypic expression of SP11 alleles, which encodes the male determinants of self-incompatibility in Brassica rapa, is governed by a complex dominance hierarchy [1] [2] [3] . Here, we show that a single polymorphic 24 nucleotide small RNA, named SP11 methylation inducer 2 (Smi2), controls the linear dominance hierarchy of the four SP11 alleles (S 44 > S 60 > S 40 > S 29 ). In all dominant-recessive interactions, small RNA variants derived from the linked region of dominant SP11 alleles exhibited high sequence similarity to the promoter regions of recessive SP11 alleles and acted in trans to epigenetically silence their expression. Together with our previous study 4 , we propose a new model: sequence similarity between polymorphic small RNAs and their target regulates mono-allelic gene expression, which explains the entire five-phased linear dominance hierarchy of the SP11 phenotypic expression in Brassica.
Most Mendelian dominance relationships are explained by lossof-function mutations in haplosufficient genes, which make the wild-type allele dominant over the mutant allele. In a few cases, however, dominance is thought to be controlled by other genetic elements called 'dominance modifiers' 5, 6 . In one such case, a small RNA (sRNA) controls the dominance of pollen self-incompatibility phenotypes in Brassica rapa 4 . Self-incompatibility is a genetic mechanism, controlled by multiple S-haplotypes at the S-locus, for avoiding self-fertilization by rejecting self-pollen to maintain genetic diversity in the species 7 . For the Brassicaceae self-incompatibility, each S-haplotype encodes a male determinant, S-locus protein 11 (SP11, also called SCR) [8] [9] [10] , and a female determinant, S-locus receptor kinase (SRK) 11, 12 ; the S-haplotype-specific interaction between these determinants triggers a self-incompatibility response in the stigma epidermis 13, 14 . SP11 is sporophytically expressed in the anther tapetum, and the self-incompatibility phenotypes in pollen are determined by dominance relationships between the two S-haplotypes that the plant carries. According to the dominance of pollen self-incompatibility phenotypes, the S-haplotypes in B. rapa have been categorized as class-I (for example, S 8 , S 9 , S 12 and S 52 ) or class-II (for example, S 44 , S 60 , S 40 and S 29 ), with class-I S-haplotypes dominating over class-II S-haplotypes [1] [2] [3] . When class-I and class-II S-haplotypes are heterozygous, a 24 nucleotide (nt) sRNA called SP11 methylation inducer (Smi) derived from an inverted repeat sequence of class-I S-haplotype induces DNA methylation of the recessive class-II SP11 promoter and results in mono-allelic gene silencing 4, 15 . Interestingly, class-II S-haplotypes exhibit linear dominance relationships, resulting in a complicated dominance hierarchy: class-I S > (S 44 > S 60 > S 40 > S 29 ) 3 . However, the molecular mechanism underlying the linear dominance hierarchy within class-II S-haplotypes remains unknown.
To elucidate the molecular mechanism underlying the linear dominance hierarchy of class-II S-haplotypes in B. rapa, we sequenced the full S-locus regions of three class-II S-haplotypes, S 44 , S 60 and S 40 , for which partial S-locus sequences were previously published 16, 17 . We also determined the partial S-locus sequence of S 29 haplotype. The sRNA gene candidates in the S 44 , S 60 and S 40 S-locus regions were identified using three de novo sRNA prediction programs. Predicted stem-loops encoding sequences homologous to the four S-haplotypes of SP11 sequences ±1 kb were further selected using a BLAST search. As a result, we identified two inverted repeat sequences in all of the S-haplotypes (Supplementary Tables 1-3) : the previously identified SMI 3 and a novel SMI-like sequence, SP11 METHYLATION INDUCER 2 (SMI2) ( Supplementary  Fig. 1 ). In each S-haplotype, SMI2 was located 1.9-8.6 kb downstream of SRK but was not observed in the SP11 genomic region of the class-I S-haplotype in B. rapa 8, 18, 19 (Fig. 1a) . SMI2 was only observed in class-II S-haplotypes, which formed a distinct cluster from class-I S-haplotypes in the phylogenetic analysis ( Supplementary Fig. 2 and Supplementary Methods).
To determine whether SMI2 in each S-haplotype is expressed and processed into sRNAs at the relevant developmental stage, we sequenced sRNAs from early stage (stages 1-3) anthers 10 , during which SP11 DNA methylation occurs 15 . We obtained 11-17 million sRNA sequences for each class-II S-homozygote (Supplementary Table 4 ). The mapping of sRNA sequences to cognate SMI2 transcripts revealed that 24 nt sRNAs (designated Smi2) with sequence similarity to class-II SP11 promoters were processed from the stem structures of S 44 -, S 60 -and S 40 -Smi2 precursors (Fig. 1b) . Although we observed multiple distinct sRNA fragments from the precursor of the most recessive S 29 -haplotype, we did not detect mature Smi2 (Supplementary Fig. 3 ). To accurately measure the amount of processed Smi2, we performed stem-loop PCR with reverse transcription (RT-PCR) 20 using sRNA extracted from early stage anthers from S 44 -, S 60 -, S 40 -and S 29 -homozygotes. In contrast to the stem-loop RT-PCR amplification curves for S 44 -, S 60 -and S 40 -Smi2, which resembled that of the control miR166, the amplification curve of S 29 -Smi2 was entirely flat (Fig. 1c) . Although correlation between the abundance of Smi2 detected by sRNA sequencing with that by stem-loop RT-PCR was not high, S 29 -Smi2 was consistently not detected in both experiments. These results suggest that Smi2 precursors are expressed in all class-II S-haplotypes, whereas 24 nt Smi2 is not produced in the S 29 -haplotype due to its unusual processing. Secondary structure predictions for each Smi2 precursor suggested that the S 29 -Smi2 precursor has the stem-loop structure, including a double-crossing terminal loop, a bulge (bubbled structure) at the centre of the processed Smi2 region and a bubbled position in the lower stem affecting microRNA processing [21] [22] [23] (Fig. 1b) . We detected the predicted target of Smi2 immediately upstream and on the opposite DNA strand of Smi targets in class-II SP11 promoter regions, but not in exons, introns or class-I SP11 promoter regions. Like Smi, Smi2 also targets the SP11 promoter region of class-II S-haplotypes ( Supplementary Fig. 4a ). In the case of class-I > class-II dominance, gene silencing is induced because of the high sequence-similarity (18 out of the first 21 nucleotides) between Smi from class-I S-haplotypes and target sequences. By contrast, the lower sequence similarity (17/21) in Smi from class-II S-haplotypes did not induce silencing ( Supplementary Fig. 4b ) 4 . Thus, we hypothesized that Smi2 solely controls the four-phased linear dominance hierarchy among class-II S-haplotypes by nucleotide sequence similarity between Smi2 and target sequences. Based on this hypothesis, we measured the nucleotide similarity between Smi2 and its class-II S-haplotypes targets in all combinations. Interestingly, we observed 18 or more matches out of the first 21 nucleotides in dominant Smi2 and recessive target sequence combinations, but 17 or fewer matches in reversing or selfing combinations (Fig. 2) . To precisely evaluate the sRNA activity of each Smi2, we applied the mispair scoring system 24 , a method designed to calculate mispaired bases by weighting the core segment and penalizing G:U pairs, which has been used to efficiently predict sRNA-target matches in plants. Smi2 had mispair scores of 3.5-5.5 against relatively recessive targets but exhibited scores of 6.5-7.5 against the SP11 promoter of dominant or same S-haplotype ( Fig. 2 and Supplementary Fig. 4c ). In addition, mispair scores between active class-I Smi and the target sites of class-II SP11 promoter were 5.5 or less, whereas the scores of inactive class-II Smi were 6.5-7.5 ( Supplementary Fig. 4b ) 4 . In the four class-II S-haplotypes, only three nucleotide mutations were found in Smi2, and a few mutations were present in target sequences of the SP11 promoter ( Supplementary Fig. 4a ). These nucleotide mutations form mispair score gradients between Smi2 and its target sequences, resulting in a coincidence of dominance relationships among class-II S-haplotypes ( Fig. 2 and Supplementary Fig. 4c ). These results support our hypothesis that sequence similarity between sRNA and its targets determine linear dominance among class-II S-haplotypes.
To further test our hypothesis, we generated transgenic B. rapa expressing S 60 -Smi2. These transgenic B. rapa are expected to suppress the expression of S 40 -and S 29 -SP11 but not S 44 -and S 60 -SP11. Because of the difficulty transforming other cultivars, we introduced a 2.9 kb S 60 -SMI2 genomic fragment into B. rapa cv. Osome (S 52 S 60 heterozygote). Transformants were then sequentially crossed to plants with other class-II S-haplotypes to generate homozygotes of each class-II S-haplotype carrying the S 60 -SMI2 transgene (for example, S 60 S 60 /S 60 -SMI2+). Pollination assays using homozygotes carrying the transgene as pollen donors revealed that S 40 S 40 /S 60 -SMI2+ and S 29 S 29 /S 60 -SMI2+ pollen became compatible with the stigmas of S 40 S 40 and S 29 S 29 homozygotes, respectively, whereas S 44 S 44 /S 60 -SMI2+ and S 60 S 60 /S 60 -SMI2+ pollen exhibited an unchanged self-incompatibility phenotype (Fig. 3a) . S 40 S 40 /S 60 -SMI2+ and S 29 S 29 /S 60 -SMI2+ plants exhibited functional stigmatic cross-compatibility and self-incompatibility ( Supplementary Fig. 5 ).
To test whether these phenotypic changes were caused by SP11 transcript repression, we quantified SP11 expression levels using real-time PCR. Relative SP11 expression levels were dramatically reduced in S 40 S 40 /S 60 -SMI2+ and S 29 S 29 /S 60 -SMI2+ anthers, but not in S 44 S 44 / S 60 -SMI2+ and S 60 S 60 /S 60 -SMI2+ anthers (Fig. 3b) , suggesting that the compatible phenotype of S 40 S 40 /S 60 -SMI2+ and S 29 S 29 /S 60 -SMI2+ was caused by an S 60 -Smi2-dependent loss of SP11 expression. In two class-II S-haplotypes heterozygotes, the SP11 promoters of the recessive alleles were de novo methylated in the tapetum before the initiation of SP11 transcription 15 . To determine whether the S 60 -SMI2 transgene induced DNA methylation at recessive SP11 promoters, we performed bisulfite sequencing analysis using anther tapetum DNA from S 60 -SMI2 transgenic plants. No methylation was observed at the S 40 -or S 29 -SP11 promoter region in wild-type S 40 S 40 and S 29 S 29 homozygotes, but methylation was elevated at these promoters in S 40 S 40 /S 60 -SMI2+ and S 29 S 29 /S 60 -SMI2+ homozygotes, as observed in control S 60 S 40 and S 60 S 29 heterozygotes (Fig. 3c) . These results suggest that the DNA methylation of recessive SP11 promoters in the class-II linear dominance hierarchy was also triggered by Smi2, similar to Smi 4 . Our data strongly suggest that the four-phased linear dominance hierarchy of B. rapa class-II S-haplotypes is controlled by a single polymorphic sRNA, Smi2, and its polymorphic targets. During the class-I-class-II interaction, class-II Smi molecules exhibit increased mispair scores with targets due to an additional mismatch, which is insufficient to silence class-II SP11 4 . Our previous results 4 and the findings presented here indicate that only two polymorphic sRNAs, Smi and Smi2, control the entire five-phased dominance hierarchy (class-I S > S 44 > S 60 > S 40 > S 29 ) in B. rapa. Smi and Smi2 correspond to 'dominance modifiers' as genetic elements controlling dominance relationships (proposed by Sir Ronald A. Fisher in the 1920s) 5 . Thus, we propose a 'polymorphic dominance modifiers' model as the mechanism of dominance hierarchy generated by acquiring polymorphism of the sRNAs and their targets (Fig. 4) . The presence of SMI2 in the syntenic region of the class-II S-haplotypes along with the phylogenetic analysis suggests that SMI2 existed before class-II S-haplotypes diverged (Fig. 1a,  Supplementary Figs 1 and 2) . Following the formation of SMI2 inverted repeat structure from SP11 promoter sequence, the genetic arms race between Smi2 and its target sequences in class-II S-haplotypes could potentially establish a linear dominance hierarchy. Recent analysis in A. halleri proposed a model in which multiple sRNAs-targets interactions control dominant-recessive relationships and suggested that the complex dominance hierarchy was created by the gain and loss of multiple sRNAs 25 . The 'multiple dominance modifiers' model in A. halleri is based on a network of multiple sRNAs and targets 25 , however, our model could play a greater role to clarify the molecular and evolutionary mechanism of the dominance hierarchy in A. halleri. Moreover, the combination of both models seems to explain the entire dominance hierarchy of self-incompatibility alleles in the Brassicaceae. Future goals include creating point mutations to the small RNA genes to mimic ancestral states, which should further clarify the order of dominance hierarchy development in the Brassicaceae.
Theoretically, 'dominance modifiers' could evolve under situations in which alleles persist at intermediate frequencies over long time periods to maintain heterozygosity levels sufficient to promote substantial positive selection, and this can be beneficial by masking the phenotypic effect of one allele in the heterozygote. The S-determinant literally functions to maintain heterozygous allele frequencies, and each allele persists over time because they are subject to negative, frequency-dependent selection. Furthermore, dominance (that is, masking the effect of one S-determinant) should become advantageous under circumstances with mate limitation. The multiallelic S-determinant of self-incompatibility is a typical example that fulfils these selection requirements. Similar favourable biological situations probably explain the complicated dominance relationships observed in most S-haplotypes of the self-incompatibility species thus far analysed (for example, self-incompatibility species in the Brassicaceae, Convolvulaceae and Asteraceae) 26, 27 . Although this self-incompatibility system is a particular condition of dominance modifier evolution, the homology-based epigenetic silencing regulation model using sRNAs might represent a general mechanism by which organisms achieve widespread monoallelic expression 28 or other genetic dominance relationships.
Methods
Genome sequencing. Full S-locus genomic regions of three class-II S-haplotypes, S 44 , S 60 and S 40 , and a partial S-locus genomic region of S 29 were gained by PCR amplification. Details of the PCR procedure are described in the Supplementary Methods. Primers used for genomic sequencing are listed in Supplementary Table 5 .
Prediction of sRNA precursor regions. Inverted repeats in each class-II S-locus were predicted using three programs. Details of the prediction procedure are described in the Supplementary Methods.
Small RNA sequencing. Total RNAs were isolated from anthers (mixtures of stages 1-3) using the mirVana miRNA Isolation Kit (Ambion). Preparation of the small RNA library, Illumina GAII sequencing and adaptor trimming of sequencing reads were performed by Hokkaido System Science Co. Ltd. sRNA reads were mapped against cognate class-II SMI2 regions using the bowtie program 29 . The mispair score was calculated as described 24 ; mismatches were scored as 1, and G:U pairs were scored as 0.5. Mismatched and G:U pair scores were doubled within the core segment.
Stem-loop RT-PCR. Detection of S 44 -, S 60 -, S 40 -and S 29 -Smi2 were performed as previously described 20 . Small RNAs were isolated from anthers (mixtures of stages 1-3) of S 44 S 44 , S 60 S 60 , S 40 S 40 and S 29 S 29 homozygotes using the mirVana miRNA Isolation Kit (Ambion) and reverse transcribed using the TaqMan MicroRNA Reverse Transcription Kit (Applied Biosystems) with specific primers (Supplementary Table 5 ). Next, the reverse transcription products were quantified using Light Cycler 480 Probe Master (Roche) and the Universal Probe Library (Roche) with small RNA-specific primers and a universal primer (Supplementary Table 5 ).
Production of transgenic plants. The 2.9 kb genomic fragment containing S 60 -SMI2 was amplified using specific primers (Supplementary Table 5 ) and cloned into vector pBI121. The hypocotyl transformation of B. rapa cv. Osome (S 52 S 60 heterozygote) using the Agrobacterium tumefaciens strain EHA105 was performed as previously described 4, 12 . To generate class-II S-homozygotes expressing the S 60 -SMI2 transgene, S 52 S 60 heterozygotes with the transgene were then sequentially crossed with each of the class-II homozygotes.
Pollination assay. . When a bundle of pollen tubes was observed, we determined that pollination was compatible.
Quantitative real-time PCR. Total RNAs were isolated from anthers (mixtures of stages 4 and 5) of S 44 S 44 , S 60 S 60 , S 40 S 40 and S 29 S 29 homozygotes with and without the S 60 -Smi2 transgene and used for quantitative real-time PCR as previously described 15 . Each SP11 region was amplified using specific primers (Supplementary Table 5 ). GAPDH was used as an endogenous reference gene.
Bisulfite sequencing. DNA was extracted from the anther tapetum (mixtures of stages 4 and 5) of S 40 S 40 and S 29 S 29 homozygotes with and without the S 60 -SMI2 transgene as previously described 15 and then bisulfite-treated with a Methyl Easy Xceed Rapid DNA Bisulfite Modification Kit (Human Genetic Signatures). The S 40 -and S 29 -SP11 5′ regions modified by bisulfite were amplified using specific primers (Supplementary Table 5 ). Amplified PCR products were cloned into pGEM-T Easy Vectors (Promega) and sequenced.
Data availability. SMI2 genomic sequences from S 44 , S 60 , S 40 and S 29 haplotypes were deposited in the DNA Data Bank of Japan (DDBJ) under accessions LC177353-LC177356. Small RNA-seq data were deposited in the DNA Data Bank of Japan Sequence Read Archive (DRA) database under DRA005183 and DRA005195-DRA005197. 
